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Abstract

:

Ubiquitin-like/ubiquitin-associated proteins (UbL-UbA) are a well-studied family of non-proteasomal ubiquitin receptors that are evolutionarily conserved across species. Members of this non-homogenous family facilitate and support proteasomal activity by promoting different effects on proteostasis but exhibit diverse extra-proteasomal activities. Dysfunctional UbL-UbA proteins render cells, particularly neurons, more susceptible to stressors or aging and may cause earlier neurodegeneration. In this review, we summarized the properties and functions of UbL-UbA family members identified to date, with an emphasis on new findings obtained using Drosophila models showing a direct or indirect role in some neurodegenerative diseases.
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1. Introduction


Protein homeostasis (proteostasis) is a fine-tuned process that controls the biogenesis, folding, trafficking and degradation of proteins [1,2]. Proteasomal degradation is one of the mechanisms by which cells regulate the abundance of proteins and/or eliminate those that are no longer functional [3].



The proteasome is a large multi-subunit complex that selectively degrades approximately 80–90% of misfolded or damaged cellular proteins in a ubiquitin (Ub)- and ATP-dependent manner and also provides proper Ub recycling [1,4,5,6,7]. The 26S proteasome is a major proteasome consisting of a 20S proteasome core particle with peptidase activity and two 19S-regulating particles [6,8,9]. The intracellular elimination of toxic protein aggregates may also be performed by autophagy, a process by which superfluous or potentially dangerous cytoplasmic materials are delivered to lysosomes for degradation [10].



The ubiquitin proteasome system (UPS) needs ubiquitylation to covalently mark substrates with Ub before degradation [11]. The Lys48-linked Ub chain with a minimum length of four tagged Ub appears to be a predominant signal for protein degradation; however, recent studies have shown that other Ub-linked chains facilitate degradation by the 26S proteasome [12,13]. Canonically, ubiquitylated proteins are digested by the 26S proteasome to short peptides, 90% of which range between two and ten residues in length [14]. In a few cases, the 26S proteasome drives incomplete degradation by a process referred to proteasomal processing that eventually releases protein fragments with new cellular functions, such as the p105 and p100 precursors of the p50 and p52 subunits of NFkB, which function in the immune system, and Gli2 and Gli3, which function in hedgehog signaling [15,16,17,18,19,20]. Recent studies using in vitro models have been clarifying the processivity of the proteasome to elucidate whether low complexity domain-containing substrates (or prion-like domains, PrLD) undergo incomplete proteasomal degradation [21]. The mechanisms underlying the proteasomal partial degradation of so-called “slippery substrates” remain elusive and need further investigation; however, this is now emerging as an important aspect in this research field, with the accumulation of PrLD-proteins being a feature of several neurodegenerative diseases.



UPS mainly targets soluble and monomeric proteins over aggregated ones by a mechanism involving heat shock 70-kDa protein (HSP70) and the sequential actions of three classes of ubiquitin ligases: E1, E2, and E3. Degradation by UPS requires ubiquitin-activating enzyme (E1), which binds and activates Ub in an ATP-dependent mechanism. Ub is then transferred to an active site of ubiquitin-conjugating enzyme (E2), and ubiquitin protein ligase (E3) ultimately transfers Ub directly or indirectly from E2 to protein substrates [11].



Specific subunits of 19S-regulating particles have been identified as Ub receptors with the ability to recognize free Ub and Ub-conjugated proteins. Rpn10 and Rpn13 are the most well-studied proteasomal Ub receptors and appear to be evolutionarily conserved across species from yeast to mammals [22,23,24]. Non-proteasomal Ub receptors also exist and play a critical role in supporting or facilitating proteasomal degradation. The most well-characterized of these proteins is the Ubiquitin-like (UbL)-Ubiquitin associated (UbA) family. This family of proteins are not only involved in proteasomal degradation, but also play roles in a number of additional cellular processes, such as nucleotide excision repair (NER), spindle pole body duplication, and cell growth, which cumulatively make this family a very versatile group of proteins. At least 5 major members belonging to the non-proteasomal UbL-UbA family have been identified to date, with Rad23 and Ubiquilin2 being the most well-characterized.



The UbA domain binds mono- and poly-ubiquitin chains as well as ubiquitylated proteins, while the UbL domain interacts with the ubiquitin-interacting motif (UIM) domain of the proteasomal Ub receptor Rpn10. UbA domains contain a special structure of hydrophobic patches that provide stronger binding to Lys48-linked polyubiquitin chains than to mono-Ub [25,26,27] (Figure 1A). The UbL domain primary structure ranges from 45 to 80 amino acids with very high similarity to the Ub sequence; thus, both may compete for binding to protein targets [28].



Any attempts to catalog UbL-UbA-bearing proteins in a single group may be far from useful or precise. Beyond structural analogies and sequence similarities in their domains (Figure 2 and Table 1), these proteins have different roles and targets and also contribute to proteasome activity in different manners from each other. For example, some may facilitate or inhibit proteasomal function depending on the substrates. The role of UbL-UbA remains complex and an area of active debate under continued revision.



The primary structures of UbL-UbA members were analyzed by Expasy Prosite (www.expasy.org) to search for the presence and localization of relative domains.



Due to the broad physiological implications of protein homeostasis pathways, dysregulation of proteostasis is often involved in the development of multiple pathological conditions, including neurodegenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s disease (PD), frontotemporal dementia (FTD), Huntington’s disease (HD), Amyotrophic Lateral Sclerosis (ALS), and prion diseases, which are collectively classified as proteinopathies [29,30,31,32]. Proteinopathies share a common pathological hallmark that comprises poly-ubiquitylated misfolded protein aggregation. Therefore, the most common protein associated with aggregates is ubiquitin, indicating a role for UPS in proteinopathy-related pathogenesis. Emerging evidence revealed a pivotal role for conserved Ubiquilin2 in ubiquitin pathologies associated with aggregates of the RNA-binding protein TDP-43, with the loss of Ubiquilin2 being the cause of a gain of neurotoxic TDP-43 function [33,34]. Similar studies conducted to gain insights into the mechanisms of other UbL-UbA proteins may reveal the important contribution of this family’s proteins to neurodegenerative diseases.



In this review, we summarized the properties and functions of different UbL-UbA members, with an emphasis on new findings obtained using Drosophila models showing direct or indirect roles in neurodegenerative diseases.




2. Physiological Roles of UbL-UbA Family Proteins and Their Contribution to Diseases


2.1. Ddi


The DNA damage-inducible protein (Ddi1) was initially discovered and mostly studied in yeast [35,36,37]. There are two Ddi isoforms in humans, referred to as Ddi1 and Ddi2, with the first being the more extensively studied. Ddi1 is normally found in the nucleus, but some of its functions are linked to various proteins in the cytoplasm [38]. In silico analyses are not capable of outputting a classic UbA domain in the C-terminal region of Ddi isoforms due to low sequence similarity (Figure 2). However, previous studies reported that the weakly conserved UbA domain of Ddi1 formed a characteristic UbA:Ubiquitin complex [39,40] by binding K48-linked polyubiquitin chains [41]. In addition, despite having a ubiquitin-like fold, the UbL domain of Ddi isoforms did not interact with typical proteasomal Ub receptors, but exhibited the ability to bind ubiquitin [39]. More recent structural studies on the enigmatic Ddi protein have identified a novel ubiquitin-interacting motif (UIM) located at its C-terminal region with a weak yet specific affinity towards ubiquitin [42]. Moreover, the central portion of the primary structure of Ddi1 contains a retroviral protease-like (RVP) domain that is required for protein homodimerization to facilitate some cellular functions related to the cell cycle [43]. Its possession of the RVP domain indicates a proteolytic function for Ddi1 during protein turnover [44].



Few Ddi substrates have been studied to date in mammals. A weak relationship was previously reported with the proteasomal regulatory protein Rpn1 [45,46], and the function of Ddi in proteasome activity or the ubiquitin pathway needs to be more fully characterized. Recent studies on Caenorhabditis elegans (C. elegans) revealed that Ddi1 indirectly involves in proteasomal function by activating SKN1, a transcription factor related to mammalian Nrf1/2 [47]. During proteasomal impairment, the Ddi1 of C. elegans exhibits the ability to cleave the proteasome activator SKN1 via its aspartic protease activity and activates an endoplasmic reticulum (ER)-associated isoform of SKN1 [47]. Mammalian Nrf1 is also associated with ER and is subjected to proteolytic cleavage [48,49,50], suggesting a conserved mechanism of proteasome surveillance that warrants future investigations to clarify the role of mammalian Ddi1 in similar mechanisms.



Ddi1 appears to contribute to neurodegenerative diseases. For example, in a specific familial variant with the neuroradiological features of AD, but lacking amyloid-β deposits in the brain, whole-exome sequencing revealed a novel nonsense mutation in the Ddi1 gene of patients conferring a gain of Ddi function that may play role in this kind of dementia [51].



Drosophila carries one Ddi1 homolog that was identified in 2011 as CG4420 and molecularly characterized as a ubiquitin receptor with the ability to bind to Rpn10 [52]. CG4420 was successively referred to as Rings lost (Rngo) because its mutation causes the loss of a germline cell’s connection [52].



By employing an unbiased ubiquitin proteomic approach, further studies demonstrated that Rngo was a target of the E3 ligase UBE3A [53] and, interestingly, UBE3A-mediated Rngo ubiquitylation was shown to be conserved in SH-SY5Y neuroblastoma cells in which the human UBE3A homolog also has the ability to target and ubiquitylate Ddi1 [53]. These findings are very important in the neurological field because mutations in UBE3A are associated with Angelman syndrome, a complex neurodevelopmental disorder [54], and the newly identified UBE3A target Ddi1 was also shown to be temporally regulated during neuronal development. Emerging evidence is suggesting that Ddi1 has biological functions not yet described that may be of relevance for clinical research on Angelman syndrome. The use of new Drosophila models of Rngo may expand our understanding of the functions of Ddi1 in neurological diseases.




2.2. NUB1


Nedd8 Ultimate Buster 1 (NUB1) is a predominately nuclear-located protein that is mainly involved in the regulation of ubiquitin-like proteins, such as Neural Precursor Cell Expressed Developmentally Down-regulated 8 (NEDD8) and FAT10, with high levels of NUB1 accelerating the degradation of NEDD8 (Figure 1B), FAT10, and their conjugated targets in a proteasomal-dependent manner [55,56,57,58,59,60].



The N-terminal UbL domain of NUB1 may bind Rpn1 and Rpn10 proteasomal subunits, while the C terminus carries two UbA domains that are involved in the interaction with ubiquitin-like proteins, as described above. Recent findings demonstrated that the neddylation activity of NUB1 is under the control of the oncogenic E3 ubiquitin ligase Mdm2. Mdm2 acts as a positive regulator of NUB1 function because di-ubiquitylation on NUB1 lysine-159 by Mdm2 leads NUB1 to negatively regulate Nedd8 and neddylated target proteins [61].



A longer unsliced variant of NUB1 (NUB1L) has also been identified and characterized [62]. NUB1L down-regulates the protein levels of NEDD8 and neddylation by specifically recognizing NEDD8 and the valosin-containing protein (VCP/p97). In coordination with the VCP/p97-UFD1-NPL4 complex, NUB1L has the ability to promote the transfer of NEDD8 to proteasomes for degradation [63]. VCP/p97 is a chaperone protein that regulates ubiquitin-dependent protein degradation [64,65], highlighting an important role for VCP/p97 in the ubiquitylation and neddylation pathways. Collectively, these findings confirmed that NUB1L promotes the degradation of misfolded proteins [66].



The role of NUB1 in the regulation of neddylated substrates remains an area of active investigation. The biological outcomes of post-translational modifications such as ubiquitylation and neddylation appear to be diverse, from protein destruction to transcriptional regulation, subcellular localization, DNA repair, endocytosis, signal transduction, and autophagy. Neddylation of the tumor suppressor p53 is mediated by NUB1 in order to regulate p53 localization and inhibits its transcriptional activity rather than promote its degradation via proteasomes [67] (Figure 1B).



The involvement of NUB1 in neurological diseases associated with the formation of toxic aggregates has been intensively investigated. The immunohistochemical characterization of eosinophilic intranuclear inclusions (INI) in the brains of patients with intranuclear inclusion body disease (INIBD) revealed high levels of NUB1 and NEDD8, suggesting a role for neddylation in the formation of this class of protein aggregate [68]. In patients with PD and dementia with Lewy bodies (DLB), NUB1 has been found to co-localize with inclusions [69] and accumulates in a the presynapses of the hippocampus, cerebral neocortex, and substantia nigra, at which some toxic species of the proteinase K-resistant α-synuclein are deposited [70]. NUB1 may suppress the formation of Synphilin-1-positive inclusions. Since Synphilin-1 is a major component of inclusion bodies in the brains of patients with neurodegenerative α-synucleinopathies, including PD, the role of NUB1 in these neurodegenerative diseases may be relevant. Biochemical assays revealed that NUB1 targets Synphilin-1 to proteasomes for its efficient degradation, decreases in Synphilin-1 levels and suppresses the formation of Synphilin-1-positive inclusions [71].



The role of NUB1 in the toxic aggregation of the microtubule-associated protein Tau has been also investigated. The abnormal phosphorylation and aggregation of Tau have been associated with neurodegenerative diseases, including AD and frontotemporal lobar degeneration (FTLD). Among the numerous kinases that phosphorylate Tau such as glycogen synthase kinase 3β (GSK3β) is strongly expressed in the brain and is involved in the hyperphosphorylation of Tau, with an increase in GSK3β levels being observed in AD [72,73,74,75].



NUB1 abolishes the recruitment of GSK3β to Tau inclusions by disrupting the Tau-GSK3β interaction. Moreover, NUB1 lowers the GSK3β-mediated phosphorylation of Tau, leading to a reduction in Tau levels in intracellular inclusions [76]. Therefore, NUB1 is a key player in neurodegeneration associated with the Tau pathology. Since GSK3β is an important effector of numerous signaling pathways, it is of interest to clarify whether NUB1 affects other GSK3β-related pathways.



The CG15445 gene is the Drosophila homolog of NUB1, which has been referred to as Drosophila NUB1 following the study by Lu and colleagues in which a Drosophila model of HD was employed to identify gene modifiers of the toxicity associated with high levels of the mutant form of the protein huntingtin (mHTT) [77]. Huntington’s disease (HD) is caused by a CAG trinucleotide repeat expansion in the HTT gene that leads to the formation and neurotoxic accumulation of polyglutamine-expanded mHTT [78]. Genome-wide RNA interference screening with a well-characterized Drosophila model of HD allowed Lu and colleagues to confirm that NUB1 reduced mHTT levels [77]. Consistent with the function of NUB1 in promoting the degradation of neddylated proteins, NUB1 facilitates HTT clearance by recruiting the neddylated ubiquitin E3 ligase CUL3 (Nedd8-CUL3) to HTT and enhancing ubiquitylation, thus the clearance of HTT [77]. NUB1 also mediates the targeting of mHTT to the activated NEDD8-conjugated CUL3 E3 ubiquitin ligase complex. Therefore, NUB1 promotes the proteasomal degradation of polyubiquitylated mHTT [77].



NUB1 was previously reported to be inducible by interferon-β (IFNβ) [55], and rodent models of HD showed that an IFNβ treatment promoted NUB1-mediated reductions in mHTT [77]. Therefore, the targeting of NUB1 may be regarded as a promising therapeutic strategy applicable to a broad range of diseases associated with the expression and accumulation of toxic proteins that will be degraded.




2.3. Rad23


Mammalian cells express two homologs of yeast Rad23, the so-called “homolog of Rad23” (HR23) proteins. The HR23 gene, hereafter called Rad23 is evolutionarily conserved among eukaryotic organisms. Rad23 A and B, both are essential for DNA repair and protein degradation [79,80].



The first indication that Rad23 is involved in proteolytic degradation via the proteasome was provided by the interaction between its UbL domain and the ubiquitin-binding site of S5a, a human homolog of yeast Rpn10 [81]. Since then, the link between Rad23 and proteolytic degradation has been widely investigated by several methods, such as yeast two-hybrid screening and co-affinity purification.



The C-terminal portion of Rad23 contains two UbA domains [40] (Figure 2), which are required for binding with ubiquitylated proteins and lead to the degradation or stabilization of its protein targets. Previous studies demonstrated that Rad23 bound some proteasomal components to translocate ubiquitylated proteolytic substrates to the proteasome through a combination between UbL–proteasome and UbA–(poly)-ubiquitin binding [82,83,84]. Through its N-terminal UbL domain, Rad23 interacts with Rpn1, one of the regulatory subunits of the proteasome [85], while the UbA domain is involved in binding with mono- and poly-ubiquitin [40,82,86,87,88], with the Lys48-linked multi-ubiquitin being the preferred substrate [89,90].



The UbL domain of Rad23 also exhibits some regulatory activity because the phosphorylation of its serine residues may inhibit the interaction of Rad23 with the 26S proteasome [91], while its overexpression impairs substrate delivery to the proteasome [82]. The UbA domain of Rad23 functions as a cis-acting stabilization signal to protect itself from proteasomal degradation [90].



The role of Rad23 in DNA repair has been extensively documented. The discrimination of the appropriate excision repair pathway according to the type of DNA lesion has proven to be the most important role for Rad23 [79].



Rad23 has been found to be one of delivery factors for ubiquitylated ER substrates after extraction by Cdc48-Ufd1-Npl4 complex in which Cdc48 is a homologue of VCP in yeast [92]. Rad23 works together with Cdc48 to ensure that their substrates can be reach an efficient degradation [93]. Moreover, the efficient of ER-related glycosylated rich A chain degradation also requires facilitation between Rad23 and Png1, a deglycosylating enzyme [94,95]. The overexpression of Rad23 results in a marked increase in ubiquitylated proteins, with an even higher level being observed in the UbL deletion mutant [96]. However, the loss of Rad23 also results in the accumulation of poly-ubiquitylated proteins, such that an imbalance in Rad23 may affect proteasomal functions depending on its substrates and interactors. For example, through the UbA domain, Rad23 binds and prevents the de-ubiquitylation of poly-ubiquitylated p53. However, while previous studies reported that the depletion of Rad23 reduced the level of p53 [97], others showed that the overexpression of Rad23 also resulted in its accumulation [98].



Previous studies demonstrated that the proteasomal degradation of ataxin-3 is regulated by a direct interaction between its UbS2 domain and Rad23 [99]. Since the expansion of the CAG tract in the ataxin-3 gene (ATXN3) leads to the translation of a pathogenic form with expanded polyQ referred to as SCA3 [100], Rad23 activity has proven to be critical for modulating SCA3 turnover in ATXN3 expansion mutations.



The Rad23 gene was identified in Drosophila in 1999 by Nabirochkina EN et al. It was characterized as a gene involved in proteasomal-related functions due to its up-regulation caused reduction in proteasomal activity [101]. Drosophila carries three Rad23 isoforms referred to as Rad23/1, 2, and 3, respectively (Figure 2), which are similar to the human isoforms. The UbL and UbA domains of Rad23/1 are similar to those of isoform A of human Rad23 (Table 1).



Regarding the SCA3 pathology, Drosophila models have been employed to identify Rad23 as the molecular partner of ataxin-3 [102] and investigate whether the Rad23 interaction with SCA3 is critical for ataxin-3-dependent toxicity [103]. The modulation of Rad23 levels has been shown to influence the toxicity of ataxin-3 in Drosophila, such that reductions in Rad23 levels alleviated toxicity in this SCA3 model [103].




2.4. KPC2


UbA domain-containing 1 (UBAC1) contains one NH2-terminal UbL, two UbA, and one COOH-terminal STI1 (heat shock chaperonin-binding) domains (Figure 2). Due to its ability to bind to and stabilize the protein KPC1 in order to form the Kip1 ubiquitylation-promoting complex (KPC), UBAC1 is also known as KPC2 [104,105]. KPC regulates the degradation of the cyclin-dependent kinase inhibitor p27 at the G1 phase of the cell cycle and, thus, plays a role in controlling cell proliferation. KPC2 has been shown to promote the transfer of p27 molecules that have been ubiquitylated by KPC1 to the 26S proteasome [106]. Therefore, the overexpression of KPC promoted p27 degradation, whereas the dominant-negative mutant and RNAi of KPC inhibited p27 degradation [104].



More recently, in a proteome-wide interactome approach, KPC was shown to play a role in the regulation of HOXA2, a transcriptional factor belonging to the HOX family of proteins, which are fundamental for development [107]. In contrast to its role in p27 degradation, KPC2 exerted two main effects on HOXA2; reductions in its transcriptional activity and the induction of a HOXA2 nuclear exit [107]. Despite the limited characterization of KPC2 interactors and ubiquitylated targets, the cellular function of KPC2 appears to be very important for controlling cell cycle progression and development.



The homologue of KPC2 in Drosophila is the isopeptidase-T-3 (ISOT-3A) protein, which contains two UbA domains on the C terminus, but lacks the UbL domain (Figure 2). However, ISOT-3A has not yet been investigated.




2.5. Ubiquilin (UBQLN)


Mammals carry five UBQLN genes, of which UBQLN1, UBQLN2, and UBQLN4 are widely expressed in various tissues of human, mice, and rats, while UBQLN3 is exclusively expressed in the testes of both human and mice [108,109,110], whereas UBQLNL is still under-investigation to date.



UBQLN2 or Ubiquilin2 (sometimes referred to as Dsk2, PLIC-2, or CHAP1) is the most well-characterized of the five ubiquilins and perhaps the most well-studied UbL-UbA protein because mutations in the UBQLN2 gene have been identified in rare cases of X-linked juvenile and adult forms of ALS, ALS/FTD [111], and the atypical hereditary spastic paraplegia phenotype [112]. Moreover, UBQLN2 shows a propensity for self-assembly and aggregation in neurodegenerative diseases [113].



UBQLN2 regulates the protein degradation of ubiquitylated targets not only by proteasomes [114,115,116,117], but also through other pathways, including endoplasmic reticulum-associated protein degradation (ERAD) and macroautophagy [118,119,120,121,122]. Certain targets of UBQLN2 require UBQLN2 to join the HSP70-HSP110 disaggregase machinery in order to be degraded by proteasomes [114]. A recent study reported that UBQLN4 attenuated p21 proteasomal degradation by interacting with the E3 ubiquitin ligase RNF114, indicating a critical role for UBQLNs in the regulation of the cell cycle and cellular senescence [123].



In addition to their function in controlling protein turnover and homeostasis, UBQLNs have several other distinct activities that are important in various cellular pathways. UBQLNs associate with actin and intermediate filaments [119] and localize inside aggresomes [120]. Moreover, UBQLN1 in combination with protein-disulfide isomerase (PDI) plays an important role in the regulation of cell death [120,121]. A novel function for UBQLN has recently been reported to drive gene transcription when complexed with the dHP1c isoform and the transcription factors, WOC and Relative-of-WOC (ROW) [124].



The UbL domain of UBQLN2 binds to several proteasomal subunits and E3 ligase. It also interacts with the ubiquitin-interacting motif (UIM) of several endocytic proteins such as Eps15, Hrs, and STAT2/Hrp [116,125,126,127]. The UbA domain of UBQLN2 interacts with presenilins [108,128] and the GABA-A receptor [129]. It also binds to mono- and polyubiquitin chains and provides an additional binding site for proteasomal subunits [115,130].



The large STI-like chaperonin-binding region in the central portion of UBQLN2 interacts with the HSP70-like chaperone Stch and is important for ubiquilin multimerization and facilitation of the ERAD pathway [119,131]. The collagen-like triple helix region, which is found exclusively in UBQLN2, has been implicated in familial cases of ALS/FTD [111].



Several lines of evidence have linked ubiquilins to diverse neurodegenerative diseases, such as AD [132,133] as well as ALS and FTD [134,135]. For example, the overexpression of UBQLN1 or UBQLN2 leads to the accumulation of AD causative presenilin proteins by slowing down their proteasomal degradation [108,128,136,137]. As described above, missense mutations in the proline residues of PXX repeats or outside those repeats in UBQLN2 were found to cause sex-linked, dominant ALS, often associated with FTD [111,138,139,140]. Ubiquilin-containing aggregates have also been detected in ALS patients with hexanucleotide expansions in the non-coding region of the C9orf72 gene, which is a commonly found mutation in both familial and sporadic ALS [141]. A loss-of-function and/or haploinsufficiency have been suggested as the main disease mechanisms for UBQLN2 mutations in ALS patients [34]. Moreover, ubiquilins are sequestered into aggregates by proteins involved in spinocerebellar ataxia type 1 (SCA1) [142,143] and HD [144]. Recent findings confirmed that UBQLN2 is a polyubiquitin-TDP-43 co-chaperone with the ability to mediate the autophagosomal delivery and/or proteasome targeting of TDP-43 aggregates [145,146,147]. TDP-43 UBQLN2-positive inclusions with or without UBQLN2 and TDP-43 mutations have also been consistently identified in ALS and FTD patients, with high levels of the UBQLN2 wild type or mutant enhancing the cytosolic accumulation of TDP-43 [148,149,150].



Drosophila contains a single UBQLN gene homologue located on the X chromosome that is referred to as dUbqn and encodes a predicted protein of 547 amino acids [151], which shows high similarity to mammalian ubiquilins 1 and 2 (Figure 2, Table 1). The knockdown of dUbqn induces various changes in synaptic morphology, resulting in defects in locomotion and learning ability [152] (Figure 3).



Drosophila models have been established to understand the contribution of UBQLNs to the proteostasis of TDP-43 and its toxicity in vivo (Figure 4). The co-expression of human UBQLN1 reduces steady-state levels of TDP-43, but, unexpectedly, increases the severity of TDP-43-induced phenotypes [146]. More recently, the depletion of dUbqn was shown to markedly affect the expression and sub-cellular localization of Drosophila TDP-43 (dTDP-43), resulting in a cytoplasmic ubiquitin-positive (Ub+) TDP-43 pathology [33]. Despite decreasing dUbqn levels markedly impairing the proteasome to promote the accumulation of diverse polyubiquitylated proteins, recent findings have shown that neurons lacking ubiquilin functions are particularly sensitive to the formation of cytoplasmic polyubiquitylated TDP-43 species, such that a reduction in TDP-43 had the positive impact of rescuing UBQLN toxicity [33].



The study in Drosophila has revealed an important role of UBQLNs in neurodegenerative diseases in which UBQLNs loss-of-function triggered TDP-43 gain-of-toxic function [33]. Further investigations using these UBQLN’s fly models may contribute to the development of promising novel therapies. For example, we demonstrated in the fly that the genetic manipulation of VCP/p97 activity, which is an important protein in the delivery of large cytoplasmic aggregates to autophagosomes, was sufficient to rescue UBQLN toxicity and the resulting aggregation of TDP-43 [33].





3. Perspectives


Neurons are highly susceptible to dysfunction in the ubiquitin-proteasome system, as demonstrated by the wide spectrum of neurodegenerative and neurodevelopmental disorders [153]. Recent findings have shown that oligomer-driven impairments in proteasomal function are relevant to various neurodegenerative diseases, regardless of the specific misfolded proteins involved [154]. Therefore, the stimulation of proteasome degradation has potential as an attractive and promising approach for the development of therapies for proteinopathies including AD, PD, HD and ALS. It is important to note that proteasomes efficiently degrade toxic aggregation-prone proteins as long as they remain in a soluble state [155,156,157].



Increases in the pool of free ubiquitin or overexpressing specific ubiquitin ligases, such as the C-terminus of Hsc-70 interacting protein (CHIP) [158,159,160], has been postulated to enhance UPS activity, which reduces the toxicity induced by protein aggregates. A number of distinct strategies may be taken to enhance proteasome activity, which are briefly summarized in [161]. The overexpression of PA28, one of a series of a positive allosteric regulators of the 20S proteasome, may enhance the survival of neurons in a HD cell-based model [162]. Studies on human fibroblast models have indicated that the up-regulation of proteasome activity is also achieved by the overexpression of proteasome maturation protein (POMP), which increases the levels of functional and assembled proteasomes and enhances the anti-oxidative capacity of cells [163].



Alternatively, the use of small-molecule compounds to stimulate proteasome activity has also been investigated for its therapeutic value in the treatment of neurodegenerative diseases [164,165,166]. For example, the alkaloid canthin-6-one was shown to be effective at accelerating the degradation of α-synuclein by targeting the 26S proteasome non-ATPase regulatory subunit 1 (Rpn2) and activating the proteasome [167]. Enhancements in Tau and Amyloid-β clearance followed by the activation of the proteasome by betulinic acid or rolipram has been demonstrated in MT4 human T-cells and mouse models [168,169]. Some evidence has shown that sulforaphane (SFN) boosts proteasome and autophagy activities to enhance mHTT turnover and cell survival in a cell model of HD [170]. The acceleration of TDP-43 and polyQ protein ataxin-3 proteasomal degradation has been achieved in cell models using IU1, a selective small molecule inhibitor of the deubiquitination enzyme USP14 [166].



Based on the general nature of UPS and its extremely large spectrum of action, an overall increase in degradation by stimulating UPS activity may be accompanied by undesirable side effects. Therefore, the precise and selective targeting of disease-causing proteins for proteasomal degradation is expected to have more advantages than the general stimulation of UPS activity. The pursuit of the biological functions of UbL-UbA family members has highlighted the critical roles of these proteins in the control of proteasome activity and revealed that the genetic manipulation of ubiquitin receptors is an effective regulator of the turnover of some specific neurodegenerative disease-related proteins.



Despite exciting new findings in this field, the functions of the UbL-UbA proteins have not yet been fully characterized and their targets or cross-talk with the proteasome remain unclear. Once the overall targets of each UbL-UbA family protein are fully identified, these proteins may become an attractive molecular knife to use in the onset of neurodegenerative diseases. As such, the functions of UbL-UbA proteins may be improved for selective delivery to proteasomes and the facilitated degradation of their aggregation-prone targets. Alternatively, abnormal and eventually toxic levels of UbL-UbA proteins may be modulated by specific targeting.



The use of Drosophila models will provide a novel insight into the possible beneficial use of UbL-UbA proteins as targets in the treatment of neurodegenerative diseases. Drosophila is an attractive in vivo model for investigating neurodegeneration for several reasons, including its short life span (~60 days), easy genetic manipulation, rapid screening for mutations, and similar biological complexity to that of mammals. Moreover, critical mechanisms in Drosophila neurodegeneration were proven to be regulated in a similar manner in humans. Drosophila is also an excellent in vivo model for screening biologically active compounds, as already evidenced by the numerous candidate drug studies that have been undertaken using Drosophila models of HD, AD, and PD [171].



As summarized above, Drosophila has already been proven as a valid system to examine the involvement of NUB1 in mediating the degradation of mHTT, Rad23 in reducing the SCA3 pathology, and UBQLN2 in inducing the TDP-43 pathology. The further characterization of these models may lead to the identification of promising new therapies for these neurodegenerative diseases.
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Figure 1. Paradigm towards the regulation of UbL-UbA proteins. (A) Ubiquitylated and FATylated substrates are bound to UbL-UbA proteins before their degradation by proteasomes. Like the ubiquitylation, “FATylation” is a post-translational modification in which FAT10 forms a covalent bond with its target proteins. (B) Neddylated substrates are bound to the UbA domain of NUB1 in order to facilitate localization or stability and promote other activities. 
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Figure 2. Comparison of Drosophila and human UbL-UbA proteins. 
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Figure 3. Overview of defects caused by UBQLN2 loss-of-function in Drosophila models [33,152]. 
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Figure 4. UBQLN2 loss-of-function causes a TDP-43-like pathology in the fly [33]. (A) Under physiological conditions, TDP-43 shuttles between nuclear and cytoplasmic compartments. (B) The depletion of Drosophila UBQLN2 functions by RNAi triggers the abnormal accumulation of toxic cytoplasmic TDP-43. 
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Table 1. Protein identities of Drosophila and human UbL-UbA proteins. The primary structures of UbL-UbA members were examined using the Expasy Prosite SIM alignment tool for protein sequences (www.expasy.org/sim) with default parameters.
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	Name
	Uniprot
	Human Orthologs
	Protein Identity (%)
	Domain Identity (%)





	rngo
	Q9VXF9
	Ddi1

Ddi2
	49.1
	UbL (39.7)

UbL (39.7)



	NUB1
	Q9VRF3
	NUB1
	31.9
	UbL (30.3)

UbA-1 (50)

UBA-2 (26.7)



	Rad23/1
	Q9V3W9
	Rad23A

Rad23A
	36.7

36.7
	Rad23A/UbL (52.2)

Rad23A/UbA-1 (100)

Rad23A/UbA-2 (84.2)



	ISOT-3A
	Q86LF0
	KPC2
	31.3
	UbA-1 (37.1)

UbA-2 (53.1)



	Ubqn
	Q9VWD9
	UBQLN1

UBQLN2

UBQLN4
	50.2

47.6

46.5
	UBQLN2/UbL (56.3)

UBQLN2/UbA (84.6)
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